SUMMARY Ventricular muscle fibers from dog hearts were superfused with K + -free, high Ca
RECENTLY, oscillatory afterpotentials have received considerable attention in relation to the genesis of arrhythmias, especially digitalis-induced arrhythmias (Ferrier, 1977) and those observed in depolarized fibers (Cranefield, 1975) . This is because oscillatory afterpotentials (OAPs) can induce triggered activity when they become large enough to attain threshold. The resultant triggered activity is not the result of reentry but, rather, is abnormal pacemaker activity, resulting from a mechanism other than normal pacemaker activity (Cranefield, 1975; Ferrier, 1977) .
OAPs have been observed in digitalis-poisoned Purkinje and atrial plateau fibers (Rosen et al., 1973; Davis, 1973; Hashimoto and Moe, 1973) , in canine Purkinje fibers exposed to a Na + -free, Ca 2+ -rich solution (Cranefield and Aronson, 1974) , in fibers of the simian mitral valve (Wit and Cranefield, 1977) , and in rabbit right atrial fibers (Saito et al., 1978) . The OAPs and triggered activity in these cases were associated with the specialized fibers of the heart, as well as with fibers depolarized to -60 mV or less. However, a few reports have described OAPs in working myocardium (Bozler, 1943; Kaufmann et al., 1963; Jensen and Katzung, 1968; Ferrier, 1976; Eisner etal., 1978) . Recently, we reported that dog ventricular muscle fibers could generate OAPs and triggered activity in the presence of high resting potential levels (more negative than -60 mV) (Hiraoka et al., 1979a (Hiraoka et al., , 1979b . This activity developed while the muscle fibers were exposed to K + -free, high Ca 2+ solutions after exposure to K + -free, Ca 2+ -free conditions. The present experiments were done to characterize more fully the OAPs and triggered activity in dog ventricular muscle fibers.
Methods
Mongrel dogs weighing 8-15 kg were anesthetized with sodium pentobarbital (25-30 mg/kg, iv), and their hearts were removed rapidly through a thoracotomy. Fine papillary or trabecular muscles were dissected from the right ventricle. These preparations usually were 5-8 mm in length and 1-2.5 mm in diameter. Preparations were placed in the tissue chamber and superfused with a modified Tyrode's solution. The volume of the tissue chamber was about 1 ml and the superfusate flow rate was 2.5-3.0 ml/min. The composition of the Tyrode's solution was (rnM/liter): NaCl, 137; KC1, 2.7; CaCl 2 , 1.8; MgCl 2 , 1.0; NaH 2 PO 4 , 0.42; NaHCO 3 , 15.9; and glucose, 5.5. The pH was adjusted to 7.2-7.3, using additional NaHCO 3 (<4 ITIM). The K + -free and the K + -free, Ca 2+ -free solutions were prepared by omitting KC1 and/or CaCl 2 from the Tyrode's solution. The K + -free, high-Ca 2+ solutions were prepared by adding CaCl 2 to the K + -free solution. Osmolarity was kept constant by adding sucrose. All solutions were gassed with 95% O 2 + 5% CO 2 and the temperature was maintained at 36-37°C.
Conventional glass microelectrodes filled with 3 M KC1 (having resistances of 10-20 MS2 and tip potentials less than 5 mV) were used to record membrane potentials. Records of transmembrane potentials were displayed on an oscilloscope (VC-9A, Nihon Kohden Co.) and photographed with a camera (PC-2B, Ninon Kohden Co.) or inscribed with a direct-writing recorder (Rectigraph 8S, Sanei Sokki Co.). The maximum upstroke velocity (max. dV/dt) of action potentials was obtained using electronic differentiation. The response of the entire electronic circuit was calibrated after introducing a series of 100-mV sawtooth pulses, with dV/dt ranging from 10 to 1000 V/sec, into the tissue bath between the recording and indifferent electrodes. The system was linear over this voltage range.
A pulse generator (MSE-40, Nihon Kohden Co.) was used to deliver 2-and 5-msec rectangular pulses at twice the threshold voltage to the preparations. Stimuli were passed through an isolation transformer and delivered to one end of the preparation through bipolar silver electrodes at a basic cycle length of 1000 msec. Preparations showing typical Purkinje fiber action potentials during Tyrode's superfusion were excluded (see Hoffman and Cranefield, 1960) . The tissue was superfused with the K + -free solution for 30 minutes, without providing electrical stimulation. If the preparations developed either spontaneous firing or depolarized to -60 mV or less in the K + -free solution, they were not studied further, since the spontaneous activity might have originated in Purkinje fibers (Weidmann, 1956; Carmeliet, 1961) . Although care was taken to exclude preparations containing Purkinje fibers, the preparations nevertheless might have contained terminal Purkinje fibers. The tissues next were superfused with K + -free, Ca 2+ -free solution for 30 minutes without stimulation. During this period the muscle fibers gradually depolarized by about 10 mV. These fibers had resting potentials of >-65 mV and were quiescent in the absence of stimulation. Nine of 49 fibers, depolarized to around -50 mV and were excluded from study. The results obtained from the 40 fibers are reported herein. Data were analyzed statistically using a non-paired t-test.
Results
At the end of the K + -free, Ca 2+ -free superfusion, the Ca 2+ concentration of the superfusate was suddenly increased to 3.6-9.0 mM. The muscle preparations hyperpolarized to about -90 mV within 10 minutes of the start of superfusion with the K + -free, high-Ca 2+ solution. The average resting potential of 40 preparations at this stage was -94.3 ± 7.65 mV (mean ± SD). There was no spontaneous activity or slow diastolic depolarization in any of these preparations. When a train of impulses was applied to preparations in the K + -free, high Ca 2+ solution and suddenly stopped, 2-5 afterpotentials of low amplitude appeared following the last driven action potential (Fig. 1A) . When a slow rate of stimulation was used, the afterpotentials were seen during the diastolic intervals following each action potential (Fig. IB) fibers, discussed recently by Ferrier (1977) . The maximum diastolic potential showed some decrease during the train of driven action potentials in addition to the development of OAPs (Fig. 1A) . The extent of the depolarization during the basic drive was largely dependent on the basic cycle length (BCL) of applied impulses, increasing at the shorter BCL (Table 1 ). The maximum diastolic potential sometimes was decreased by trains of stimuli at BCL = 250 msec to less than -60 mV, so our analyses were confined mainly to results obtained at BCL > 320 msec. At these stimulus rates, maximum diastolic potential never was less than -60 mV. After termination of the basic drive, the membrane potential returned to the resting potential within 5 seconds. The next train was applied after this period. During changes in the rate of applied stimuli, the decrease in resting potential and the increase in amplitude of the OAPs could bring the fiber to threshold and induce triggered activity, as shown in Figure IB . The threshold potential at which triggered activity occurred was estimated to be -72.8 ± 7.56 mV (mean ± SD) in the 18 preparations in which triggering was seen. The max.dV/ dt of the first triggered action potential after apply- All the measurements were done while applying the 10 basic stimuli with different BCL, in six preparations. The amplitude of depolarization refers to the extent to which maximum diastolic potential decreased and it was measured from the difference between the membrane potential, before the series of stimuli and the take-off potential of the 10th driven action potential.
ing the basic drive always exceeded 100 V/sec. Furthermore, the OAPs and the triggered activity occasionally could occur repetitively, in driving, sustained rhythmic activity (Fig. 1C) . Although the OAPs were a constant finding, and were reproducible in 40 preparations, the triggered activity and the sustained rhythmic activity were not particularly stable. For example, a procedure that elicited spontaneous discharges on one occasion could fail to do so in a second trial a few minutes later.
The possibility that these OAPs represented an electrotonic influence from action potentials or from the OAPs in Purkinje fibers at some distance from the recording sites instead of from the working myocardium was examined. These experiments were done using larger preparations than those (4), was 9.5 mm. This was about 10 times as long as that of the one space constant (1 mm) of the myocardium (Sakamoto, 1969; Weidmann, 1970) . See further explanation in the text.
employed in the rest of our work. Two microelectrodes were impaled at different sites in the preparation, as shown in the inset of Figure 2 . Recording electrode (A) was placed close to the stimulating electrodes; its record is shown in the upper trace of each picture. A second electrode was placed at different sites, as indicated by the numbers (1) to (4) in the inset. Its record is shown in the lower trace in each picture, and the number indicated at the left of each picture corresponds to the recording site (l)- (4), respectively. The OAPs always were recorded at the same time at both recording sites, and the temporal difference in the peaks of the OAPs recorded at two different points separated by more than 5 mm never exceeded 50 msec. Further, no electrotonic spread from action potentials was found nor were there reentrant action potentials. This result indicates that the OAPs originated from the individual impaled cells. In six experiments, as shown in Figure 2 , the OAPs were observed at 10 to 20 different sites of impalement in each preparation.
The OAPs appeared as several low-amplitude, irregular variations of membrane potential, during the pauses in the stimulus sequences (Fig. 1 A) able amplitude. We shall refer to them as OAP-1, OAP-2, and OAP-3. The relationship of both amplitude and coupling interval of the OAPs to the BCL of applied stimuli was studied in seven preparations. The amplitude was measured as the difference from the maximum membrane potential immediately preceding the OAP to the peak of the OAP. The coupling interval was measured as the interval from the upstroke of the last driven action potential to the peak of the OAP. The amplitude of the OAPs showed a clear dependence on the BCL of the applied stimuli: the shorter the BCL, the larger the amplitude of the OAPs. There was, however, a secondary rise at a BCL of between 500 and 800 msec depending on the preparations (Fig. 3) . Figure 4 summarizes results from seven preparations. The amplitude of the OAP-1 was always the largest, and amplitude decreased for OAP-2 and OAP-3 at every cycle length. There was little variation in the coupling intervals except for a small decrease at short BCL's (<500 msec). When triggered activity appeared, its coupling interval to the last driven action potential coincided approximately with that of the OAPs at each BCL of the train (Fig. 4) . In five preparations, the timing of the triggered activity was measured in two different cells that had a surface separation of more than 3 mm, and differences never exceeded 50 msec.
The relationship of the amplitude and the coupling interval of the OAPs to the number of preceding beats or applied impulses was measured in experiments similar to those described above. Figure 5 summarizes these measurements for five preparations. The amplitude of the OAP-1 became larger with an increasing number of preceding driving beats up to 10 beats. For longer trains there was some fluctuation, with increasing amplitude in two preparations and decreasing amplitude in three. OAP-2 and OAP-3 developed in the same manner as OAP-1, and OAP-1'was always the largest. In contrast, the coupling interval of the OAP-1 did not show a marked variation with different numbers of preceding driving beats, and was almost constant at a value of 500-600 msec. The coupling intervals of the OAP-2 and of the OAP-3 also remained constant at about 900-1000 and 1300-1400 msec, respectively.
It has been reported that premature excitations enhance the amplitude of the OAPs and sometimes cause triggered activity (Davis, 1973; Cranefield and Aronson, 1974; Wit and Cranefield, 1976 ). Therefore, we tested the effect of premature excitation on the OAPs and found that it caused an increase in amplitude of the OAPs (Fig.  6 ). This augmentation was seen only if premature beats were applied during the repolarization phase (phase 3) of the basic action potential or during early diastole before the peak of the first OAP. Generally, the earlier the extra stimulus was applied, the larger was the amplitude of the OAP. In five preparations late premature excitations, applied after the peak of the OAP-1, usually were followed by OAPs smaller than the ones that accompanied the preceding basic impulses. Figure 7 shows these characteristics.
We examined the effects of single or multiple stimuli in provoking sustained rhythmic activity or tachycardia. Once the rhythmic activity had been provoked by the train of applied stimuli or by premature stimulation, further single or multiple applied stimuli with sub-or suprathreshold strength failed to stop it. We tested this in five preparations that developed sustained rhythmic activity. All trials proved to be ineffective in terminating the rhythmic activity, which stopped spontaneously irrespective of applied stimuli.
Because Ca 2+ movement across the cell membrane might be involved in the genesis of digitalisinduced OAPs (Ferrier and Moe, 1973) , the effect of extracellular Ca 2+ concentration and Ca 2+ antagonists (Rougier et al., 1969; Kohlhardt et al., 1972) were tested. OAPs were never observed in solutions containing 0 mM or 1. -free perfusion, although they were present in the same Ca 2+ concentration after the Ca 2+ -free perfusion. Once the OAPs appeared in the latter procedure, their amplitudes were dependent on (Ca 2+ ) o . *,f Statistical significance {P < 0.01 and P < 0.02, respectively) relative to the 3.6 mM Ca 2+ category of the same stimulating pattern.
Reduction of (Na*) o from 150 to 112.5 mM caused an increase in amplitude of the OAPs. % Statistical significance (P < 0.05) relative to the 150 mM Na + category.
the larger the amplitude of the OAPs (Table 2 ). preparations. Therefore, the effect of the external K + on the OAPs was examined. After the OAPs had been produced in a fiber perfused with the K + -free, high Ca 2+ solution, external [K + ] was raised to 2.7 mM without changing the Ca 2+ concentration. The OAPs disappeared very rapidly with this addition of K + . After return to control K + , the OAP recovered quickly, as seen in Figure 10 . The effects of either addition or removal of K + developed within 5 minutes (five preparations).
Discussion
OAPs and the triggered activity observed in the present experiments appeared to originate in the working myocardium. Inclusion of Purkinje fibers in the preparations was ruled out by the recorded shape of action potentials and different sensitivity of the Purkinje resting potentials to the K + -free solution. Once the OAPs appeared, the analysis of the timing of the OAPs at different recording sites revealed that they were not likely to represent electrotonic influence of the OAPs or action potentials from distant Purkinje fibers, nor was there evidence of reentrant activity. The OAPs could be recorded simultaneously from multiple sites in the same preparation. All of these observations are consistent with their origin in the working myocardial cells, rather than in Purkinje cells. The potential level at which the OAPs developed was high, with a resting potential of -95 mV and an apparent threshold potential for triggering of -73 mV.
There have been several reports describing phenomena similar to OAPs and triggered activity in ventricular muscle (Cranefield, 1975 (Cranefield, , 1977 Ferrier, 1977) . Only since it has been suggested that they are important factors in digitalis-induced arrhythmias have these activities been studied in detail (Rosen et al., 1973; Davis, 1973; . OAPs induced by digitalis occur in Purkinje fibers, atrial specialized conducting tissues Hashimoto and Moe, 1973) , and ventricular muscle fibers (Ferrier, 1976) . Maneuvers other than digitalis application have produced OAPs and triggered activity in special regions of the atrium and of the ventricle (Cranefield and Aronson, 1974; Cranefield, 1976, 1977; Saito et al, 1978) . Indeed, oscillation of the membrane potential in ventricular muscle strips like that reported here was first described by Bozler (1943) . He observed the OAPs only in tissues "in poor physiological condition" and only in the presence of adrenaline and markedly elevated [Ca 2+ ] o . He also noted that OAPs depended on the frequency of the stimulation, and that the OAPs sometimes gave rise to discharge of additional impulses. Most of these characteristics described by Bozler are at least qualitatively in accord with those of the present experiments. However, his experiments were limited to recording extracellularly, and he could not document the actual occurrence of the OAPs or clarify their characteristics. Furthermore, he had great technical difficulty recording the OAPs. Several other people occasionally have observed a phenomenon like the OAPs at the normal resting potential levels in working myocardial preparations (Kaufmann et al., 1963; Jensen and Katzung, 1968; Eisner et al., 1978) . Nevertheless, there was no documentation of the characteristics, including determination of the origin of the OAPs in ventricular muscle cells or observation of development of the OAPs into the triggered activity. Therefore, Cranefield (1977) stated that there was no documentation of uniform appearance of the triggered activity nor of the sustained rhythmic activity in the working myocardium. Our results clearly indicate that these activities are not a property limited to the specialized tissues or special regions of the heart. Indeed, the OAPs in our preparations were almost constant findings after simple manipulation of the external Ca 2+ and K + concentrations, without exposure to drugs. Cranefield (1975) suggested that a decrease in the resting potential was a prerequisite for the development of triggered activity. In our preparations, we could see some decrease in resting potential, between -95 and -73 mV, during the train of action potentials and before they developed triggered activity. The depolarization during the basic stimulation period probably was caused both by accumulation of K + in the extracellular space and by incomplete repolarization from the previous action potential-especially at shorter BCL. However, the apparent threshold potential still was high (-73 mV) , and the maximum upstroke velocity of action potentials gave values above 100 V/sec, 5 to 10 times greater than those of slow responses (Cranefield, 1975) . These results may indicate that trig-gered activity in the present experiments has properties different from those of slow responses. In support of this suggestion, Wit and Cranefield (1977) recently have reported that triggered activity, occurring in coronary sinus fibers, often arises from membrane potentials greater than -80 mV and the resulting action potentials have a maximum upstroke velocity exceeding 100 V/sec.
Another concern is that triggered activity may represent reentry of the last stimulated action potential, rather than automatic activity developing from OAPs. We used small preparations, and we could not see any marked differences in the timing of the upstrokes of triggered action potentials recorded at two different sites in each preparations. The coupling intervals of the triggered activity were almost equal to the BCL of the train, where they coincided with peak of the OAPs. Further, once sustained rhythmic activity started, single or multiple premature stimuli, during the rhythmic activity, failed to stop it. All of these findings may argue against the idea of reentry as the cause of the triggered activity, although we cannot completely exclude this possibility.
Although the OAPs in working myocardium showed a dependence on the external Ca 2+ concentration, and were easily suppressed by Mn 2+ or verapamil, as are digitalis-induced OAPs (Ferrier and Moe, 1973) , these conditions are not absolute criteria of slow responses. The slow inward current, which is mainly responsible for slow response activity, is activated on depolarization to -40 mV or more positive potentials (Reuter, 1973; Trautwein, 1973) . On the other hand, OAPs appear following driven action potentials on repolarization to -70 mV, or more negative potentials. If the slow inward current is still flowing at the time of repolarization (incomplete inactivation), then a small continuous residual current can be seen during repolarization, which decreases in amplitude with a single exponential time course as the length of the depolarization increases (Reuter, 1973; Trautwein, 1973) . The sigmoidal dependence of the amplitude of the OAPs upon the preceding BCL, as well as the oscillatory nature of the OAPs, could not be explained completely as resulting from the temporal nature of a slow inward current that decreased when the length of the depolarization increased (Reuter, 1973; Trautwein, 1973) . These results are not consistent with the slow inward current being the main source of the OAPs. Accumulation of K in the extracellular narrow clefts also might contribute to the genesis of OAPs, but accumulation does not explain the fluctuating nature of the OAPs after termination of stimulation. The accumulation of K in the intercellular clefts subsided exponentially with time following repolarization (Baumgarten and Isenberg, 1977; Baumgarten et al., 1977) . Kass et al. (1978a Kass et al. ( , 1978b concluded that the membrane conductance change induced by increased internal [Ca ] might be a cause of digitalis-induced OAPs in the Purkinje fibers. The K + -free condition used to produce OAPs in these experiments is known to cause a decrease in K + conductance and/or a decrease in the Na + -K + pump activity (Carmeliet, 1961; Whittam, 1962) . A simple decrease in the K + conductance alone causes depolarization and never produces the oscillatory changes in the membrane potential. Although inhibition of the Na + -K + pump activity causes the accumulation of Na + in the cell, it ultimately induces an increase in internal Ca 2+ through the Na + -Ca 2+ exchange mechanism (Reuter and Seitz, 1968) .
The OAPs and the triggered activity observed in the present experiments, had characteristics similar to those in other preparations, including Purkinje fibers, e.g., dependence of the amplitude of the OAPs on the preceding driving sequences (Rosen et al., 1973; Davis, 1973; Hashimoto and Moe, 1973; Cranefield and Aronson, 1974; Cranefield, 1976 and Saito et al., 1978) , on external Ca 2+ , and on external K + (Ferrier and Moe, 1973; Wit and Cranefield, 1976) , and suppression by the Ca 2+ antagonists (Ferrier and Moe, 1973; Cranefield, 1977) . However, they differed in some important ways. First of all, the OAPs in ventricular muscles were not easy to provoke unless the fiber had been exposed to extreme conditions such as the K + -free, Ca 2+ -free perfusion, before the addition of the K + -free, high Ca 2+ solution. In contrast, it has been shown for Purkinje fibers that the OAPs can be induced simply by elevating the external Ca 2+ (Ferrier and Moe, 1973) and that, in some fibers from rabbit right atrium, a series of applied stimuli can elicit OAPs and triggered activity (Saito et al., 1978) . Further, the coupling intervals of the OAPs and the behavior of the OAP-2, in relation to the preceding driving sequences, were not exactly the same as those in the digitalis-induced Purkinje fibers . Nevertheless they resembled those of aftercontractions in ventricular muscles under the same condition (Ferrier, 1976) . Applied single or multiple stimuli, during sustained rhythmic activity, failed to stop it-though reported to do so in other preparations Cranefield and Aronson, 1974; Cranefield, 1976, 1977; Saito et al, 1978) .
Addendum
After the submission of our manuscript, a paper appeared that described the occurrence of OAPs in guinea pig papillary muscle in K + -free solutions [D.A. Eisner and W.J. Lederer (1979) Inotropic and arrhythmogenic effects of potassium-depleted solutions on mammalian cardiac muscle. J Physiol (Lond) 294: 255-277].
